The partial 16s rRNA sequences of 24 Streptococcus species were determined by reverse transcription. A comparative analysis of these sequences and the sequences of seven previously studied streptococcal species revealed the presence of several clusters within the genus. The clusters obtained from the sequence analysis agreed in general with the groups outlined on the basis of the results of nucleic acid hybridization studies, but there were some exceptions. The pyogenic group was extended to include Streptococcus agalactiae, S . parauberis, S . porcinus, and S . uberis. Four oral groups were discerned; these four groups centered on S . mutans, S. salivarius, S . anginosus, and S . oralis. Some species (e.g., S . suis and S . acidominimus) did not cluster with any particular group. Our findings are discussed in the context of data from other genetic and chemotaxonomic studies.
The taxonomy and nomenclature of the streptococci have undergone major changes over the past few years. Primarily on the basis of the results of DNA-DNA and DNA-rRNA hybridization studies two new genera, Enterococcus and Lactococcus, have been proposed to accommodate the "fecal" group D and "lactic" group N streptococci, respectively (24, 27). Therefore, the genus Streptococcus sensu stricto consists mainly of human and animal pathogenic and saprophytic strains belonging to the "pyogenic" and "oral" groups.
Small-subunit rRNA sequencing is currently the most powerful method for elucidating phylogenetic interrelationships of microorganisms (36). Because of its high information content and differing degrees of sequence conservation (ranging from very conserved to highly variable regions) rRNA can be used to measure distant as well as close genealogical relationships (36). Recently, 16s rRNA sequence comparisons have confirmed the phylogenetic validity of the genera Enterococcus and Lactococcus (2, 34). In addition, these studies have proved to be invaluable in resolving intrageneric relationships within the genera Enterococcus and Lactococcus and have provided the basis for recognizing several new taxa (2, 8, 22, 34, 35). To date, sequencing studies on the genus Streptococcus sensu stricto have been restricted to only a few species (30, 33) . However, there is evidence of some heterogeneity within this genus from the results of DNA-rRNA hybridization studies (16, 25) . Therefore, in this study we compared 16s rRNA sequences of 31 species of the genus Streptococcus in an attempt to determine their precise intrageneric relationships.
MATERIALS AND METHODS

Cultures and cultivation.
The test strains which we used are shown in Table 1 . All strains were grown in Todd-Hewitt broth (Oxoid) supplemented with 1% defibrinated horse serum (Tissue Culture Services, Botolp Claydon, United Kingdom) at 37°C. Cultures were checked for purity, har-* Corresponding author vested by centrifugation in late exponential phase, and washed in deionized water.
rRNA extraction and determination of rRNA sequences. Total cellular rRNA was phenol extracted from ca. 2 g (wet weight) of cells by mechanical disruption, using glass beads and a homogenizer (Braun, Melsungen, Federal Republic of Germany), and was purified as described by Embley et al. (9) . Nucleotide sequences were determined by using avian myeloblastosis virus reverse transcriptase, primers to universally conserved sites, and dideoxynucleotide termination of the transcription product (18). The sequences of oligonucleotide primers that were complementary to highly conserved regions of 16s rRNA have been described previously (9, 18). An additional DNA primer (sequence, 5'-TCAC-CCTCTC AGGTCGGCTA-3') that was complementary to positions 287 to 306 (Escherichia coli numbering system) was also used.
The products of the sequencing reactions were separated by electrophoresis on 55-cm wedge-shaped (0.2 to 0.6 mm) 6% (wthol) polyacrylamide gels containing 7 M urea. Electrophoresis was performed at 55°C by using an LKB model Macrophor 2010 sequencing unit operated at 50 W per gel.
Analysis of sequence data. The sequences were aligned, and the homology values were determined by using the Wisconsin Molecular Biology package (7). Nucleotide substitution rates (K,,, values) were calculated (14), and an unrooted phylogenetic tree was produced by using the algorithm of Fitch and Margoliash (13) contained in a program written by Felsenstein (12).
Nucleotide sequence accession numbers. The sequences of the strains which we investigated are available from GenBank under the following accession numbers: Streptococcus acidominimus NCDO 2025T (T = type strain), X58301; S. agalactiae NCDO 134gT, X59032; S. alactolyticus NCDO 1091T, X58319; S. anginosus NCTC 10713T, X58309; S.
bovis NCDO 597T, X58317; S. canis DSM 207UT, X59061; S. constellatus NCTC 11325T, X58310; S. cricetus NCDO 2720T, X58305; S. downei NCTC 11391T, X58306; S. dysgalactiae NCDO 2023T, X59030; S. equi NCDO 2493T, X58314; S. equinus NCDO 1037T, X58318; S. hyointestinalis DSM 20770T, X58313; S. iniae NCDO 2722T, X58316; S. intermedius NCTC 11324T, X58311; S. macacae NCTC 11558=, X58302; S. mutans NCTC 10449T, X58303; S. oralis NCTC 11427T, X58308; S. pneurnoniae NCTC 746jT, X58312; S. porcinus NCDO 600T, X58315; S. pyogenes NCDO 2381T, X59029; S. rattus NCDO 2723T, X58304; S. salivarius NCDO 1779T, X58320; S. sobrinus DSM 20742T, X58307; S. suis NCTC 10237T, X59031; S. thermophilus NCDO 573T, X59028; S . vestibularis NCTC 12166T, X58321.
RESULTS AND DISCUSSION
The 16s rRNA primary sequences of 24 Streptococcus species were determined by reverse transcription. Ten representative sequences are shown aligned in Fig. 1 . The sequencing strategy which we used generated almost complete sequences that were between 1,426 and 1,476 nucleotides long and corresponded to ca. 95 to 97% of the total primary structure. The sequences were aligned with each other and compared with the 16s rRNA sequences of S . parasanguis, S. parauberis, S . porcinus, S . pyogenes, S . sanguis, S . thermophilus, and S. uberis (30, 33) . Homology values for the 31 streptococcal species were calculated for a continuous region of ca. 1,340 nucleotides (ranging from position 107 to position 1,433 on the E. coli numbering system) ( Table 1 ). The stretches of ca. 100 bases proximal to the 5' end of the molecule were omitted from the homology calculations in order to remove alignment problems arising from considerable variation in the length of the V1 region between species. Evolutionary distance (KnUc) values were calculated from the homology data, and an unrooted phylogenetic tree was constructed (Fig. 2 ) by using the distance matrix method (12, 13) .
The variations in sequence homology values (approximate range, 91.7 to 99.6%) ( Table 1) between different streptococcal species indicated that there was substantial intrageneric heterogeneity. This was confirmed by the topology of the phylogenetic tree, in which several "species groups" within the genus could be discerned (Fig. 2) . The largest group consisted of nine species and was comparable to the pyogenic group of Schleifer and Kilpper-Balz (25) (viz., S . pyogenes, S . canis, S . dysgalactiae, S . equi, and S . iniae), although the rRNA sequence data clearly demonstrated that this group should be extended to include S . agalactiae, S. parauberis, S. porcinus, and S . uberis (Fig. 2) . Kilpper-Balz and Schleifer (16) considered S. agalactiae to be only loosely related to the pyogenic group and to share no close relationship with any other Streptococcus species. Our findings were at variance with this view. S. agalactiae exhibited a specific genetic relationship with S. dysgalactiae (42 base differences in a comparison of a continuous stretch of 1,474 nucleotides, corresponding to 97.2% sequence homology). Very high levels of sequence similarity were also found for S . pyogenes and S . iniae (ca. 97%). Similarly, Kilpper-Balz and Schleifer (16) reported that S . porcinus (formerly Lancefield serological groups P, U, and V) was genetically distinct from the pyogenic streptococci and S . agalactiae on the basis of the results of DNA-rRNA hybridization experiments. Our rRNA sequence data are not iri accord with these findings. On the basis of almost complete and more precise 16s rRNA sequence data, S . porcinus exhibited high levels of sequence relatedness with S . agalactiae, S . canis, S . dysgalactiae, S . equi, S . iniae, S . pyogenes, S . parauberis, and S . uberis (ca. 97 to 98%) and clearly clustered with the pyogenic group (Fig. 2) . Although S . iniae (21) and S . parauberis (33) represent distinct taxa, a specific relationship between these species was evident from the homology data (28 base differences, corresponding to 98.1% homology). The position of S . hyointestinalis remained uncertain. This species showed no specific relationship with any other Streptococcus species but on the basis of the results of the distance matrix analysis was probably best considered a peripheral member of the pyogenic group of species (Fig. 2) . S . bovis, S . equinus, and S . alactolyticus formed a distinct cluster. The phenotypic relatedness and genetic relatedness of the type strains of S . bovis and S . equinus have been well documented (11, 15, 19, 20) and were further supported by our results. Only five base differences in a continuous stretch of 1,471 nucleotides (99.7% homology) were observed between the type strains of these two species. Therefore, the sequence data support the suggestion of Farrow et al. (11) that S . equinus and S . bovis should be combined in a single species. It is recognized, however, that S. bovis, as currently defined, is genomically very heterogeneous (11) . Further sequencing studies may prove to be useful in resolving questions of species differentiation within the S . bovis complex (in particular, the relationship between animal and human strains). The name S. alactolyticus was proposed by Farrow et al. (11) for some atypical S . bovis strains isolated from pigs and chickens. S . alactolyticus was clearly a distinct taxon on the basis of our sequence data, although a loose phylogenetic affinity with the S . bovis-S. equinus group was evident from the results of the distance matrix analysis. The oral streptococci were found to be genetically diverse. S . anginosus, S . constellatus, and S . intermedius grouped together and clearly possess a common line of descent (Fig. 2) . These species have been shown to be closely related by DNA-DNA hybridization experiments (28), and Coykendall et al. (6) have suggested that they should be combined in a single species, S . anginosus. However, Whiley and Beighton (32) in a more recent DNA pairing study identified three distinct homology groups that were centered on the type strains of S . anginosus, S . constellatus, and S . intermedius. At the 16s rRNA level S . anginosus, S . constellatus, and S . intermedius are clearly phylogenetically distinct taxa. Therefore, our findings support the retention of S . anginosus, S . constellatus, and S . intermedius as distinct species (29). The remaining oral streptococci examined (viz., S . oralis, S . parasanguis, and S . sanguis) formed a discrete 
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Primary structures of 16s rRNAs from S. acidorninirnus NCDO 2029-(S.ac), S. anninosus NCTC 10713T @.an). S. eaui NCDO 2493T (S.eq), S. equinus NCDO 1037T (S.es), S. iniae NCDO 2722= (S.in), S. rnutans NCTC l?1449T (S.mu), S. oralis NCTC 114i7T @.or), S. pneurnoniae NCTC 7465T (S.pn), S. rattus NCDO 2723T (S.ra), and S. salivarius NCDO 1779T (S.sa) as determined by using reverse transcriptase. The numbers correspond to the positions in the E. coli numbering system (I). N, undetermined nucleotide. Spaces in the sequences indicate alignment gaps. group together with S . pneumoniue (Fig. 2) . S . pneumoniae is placed in the pyogenic group in Bergey's Manual of Systematic Bacteriology (23). Our data showed that this species is related to S . oralis (22 base differences in 1,431 nucleotides, corresponding to 98.5% homology), thereby confirming the results of previous DNA-DNA hybridization studies (17, 28) . S. mutans and related species (viz., S. downei, S . cricetus, S . macacae, S . ruttus, and S . sobrinus) formed a discrete group. With the exception of a specific affinity between S. downei and S . sobrinus, the species in this cluster formed relatively distinct lines of descent. The recovery of S . mutans and related species in a distinct group was in accordance with the results of previous studies (3-5,  19, 26) .
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The oral species S . salivarius and S . vestibuluris exhibited very high levels of 16s rRNA sequence homology with each other and the type strain of S . thermophilus. The sequence data clearly demonstrated that S . salivarius and S . vestibularis are genetically separate from other oral streptococci.
However, a possible loose association with the S. bovis-S. equinus group was evident from the results of the distance matrix analysis. Despite major phenotypic differences, S . salivarius and S . thermophilus have been shown to be closely related on the basis of the results of DNA-DNA pairing by Farrow and Collins (10) (61 to 91% homology), Kilpper-Balz et al. (15) (75 to 97% homology), and Whiley and Hardie (31) (37 to 59% homology). The results of our study confirmed the close relationship between these species. Although it is not possible to delineate species on the basis of levels of 16s rRNA homology alone (because of differing rates of sequence divergence), it is worth noting that the numbers of nucleotide differences between these species were greater than the numbers of nucleotide differences exhibited at the intraspecific level by the other Streptococcus species examined to date. Therefore, our findings do not support the proposal (10) that S . salivarius and S . thermophilus should be combined in a single species.
DNA-rRNA hybridization studies have shown that S. acidominimus is a member of the genus Streptococcus but is not closely related to the pyogenic streptococci (17) . Our sequence data are consistent with this view; S . aciduminimus failed to cluster with any other species of the genus (Fig.  2) . S. suis was also found to be genetically distinct and displayed no specific relationship with the other streptococcal species examined (with the possible exception of a loose association with S. acidominimus).
Comparative analysis of small-subunit rRNA sequence data has done much to clarify the intrageneric relationships of many of the species in the genus Streptococcus. The rRNA groups identified in this study were in general agreement with those outlined by Schleifer and Kilpper-Balz (25) on the basis of the results of hybridization studies, but there were some notable exceptions. It was clear from the data that the pyogenic group should be extended to include S . agalactiae, S. parauberis, S . porcinus, and S. uberis. Our data also highlighted the very considerable phylogenetic diversity of the oral streptococci, in which there are four distinct groups centered on S . mutans, S. salivarius, S . anginosus, and S . oralis (the latter extended to include S . sanguis and S. parasanguis). Although all four oral clusters were phylogenetically discrete, a loose association between the S . anginosus and S. oralis groups was nevertheless discerned. 
